First-trimester nuchal translucency (NT) measurement is a widely used technique to determine the risk of fetal aneuploidy. The aim of this review was to explore the different hypotheses on the aetiology of increased NT. Using a computerized database (PubMed), articles on the aetiology of ®rst-trimester NT were retrieved. Furthermore, the cited references of the studied articles were used to ®nd additional articles. Based on ultrasonographic and postmortem morphological studies, the ®ndings in increased NT fetuses are described and classi®ed into three categories. First, an association between increased NT and cardiac abnormalities, combined with abnormal ductus venosus¯ow velocities, is found, leading to the theory that cardiac failure causes NT enlargement. Second, various types of abnormalities are found in the extracellular matrix of the nuchal skin of fetuses with increased NT. Third, abnormal lymphatic development is demonstrated in fetuses with increased NT. In conclusion, many hypotheses on NT enlargement are based on associations and speculations. This report provides an overview of the different theories and an attempt to ®t the different associations and ®ndings into a single hypothesis of abnormal embryological development.
Introduction
First-trimester ultrasound offers the advantages of identifying and measuring small subcutaneous collections of¯uid behind the fetal back and neck (Szabo and Gellen et al., 1990) , later known as nuchal translucency (NT) (Nicolaides et al., 1992; Pandya et al., 1995a; Snijders et al., 1998) (Figure 1 ). The size of the NT increases with gestational age and fetal crown±rump length (Pajkrt et al., 1995 Braithwaite et al., 1996; Yagel et al., 1998) . The translucent area disappears after 14 weeks gestational age, when the subcutaneous tissue becomes more echogenic. NT is therefore a transient phenomenon (Roberts et al., 1995) . This translucent area in the fetal neck can be considerably enlarged (Figure 2 ), which is de®ned as NT above the 95th percentile for the gestational age (Pajkrt et al., 1995 Yagel et al., 1998) . A NT >95th percentile is strongly associated with fetal chromosomal abnormalities (Nicolaides et al., 1992; ZalenSprock et al., 1992; Pandya et al., 1994 Pandya et al., , 1995a Snijders et al., 1995 Snijders et al., , 1999a Van Vugt et al., 1996; Jauniaux et al., 1997; Sherod et al., 1997; Taipale et al., 1997; Economides et al., 1998; Hafner et al., 1998; Sebire et al., 1998; Schwarzler et al., 1999) , although some centres report less signi®cant results (Brambati et al., 1995; Kornman et al., 1996) . Currently, it is possible to estimate the individual risk of chromosomal abnormalities in a fetus by combining maternal age with NT thickness .
In the presence of a normal karyotype in fetuses with enlarged NT, there is still an increased risk of isolated heart defects, intrauterine fetal demise, structural malformations and rare genetic syndromes (Zalen-Sprock et al., 1992; Pandya et al., 1995c; Cha'Ban et al., 1996; Hyett et al., 1996a Hyett et al., , 1997a Hyett et al., ,b, 1999 Sebire et al., 1997a; Bilardo et al., 1998; Brady et al., 1998; Souka et al., 1998; Van Vugt et al., 1998; Adekunle et al., 1999; Pajkrt et al., 1999; Brown and Nicolaides, 2000; Maymon et al., 2000; Ghi et al., 2001; Michailidis and Economides, 2001; Nicolaides et al., 2002) . Not explained, are the cases in which a markedly increased NT resolved spontaneously around 14 weeks of gestation (Pajkrt et al., 1995; Fukada et al., 1997) . The signi®cance of this phenomenon is still uncertain. The frequent occurrence of a healthy outcome, as well as the variety of malformations and syndromes found in these fetuses, makes the understanding of the pathophysiology of increased NT dif®cult.
This review describes the different hypotheses on increased NT, and aims to provide an overview and comparison of the theories on the pathophysiology of an increased NT. Knowledge of the aetiology of nuchal oedema provides the opportunity to understand the described association of enlarged NT with aneuploidy and a variety of syndromes and malformations. Furthermore, counselling could bene®t from this knowledge.
Methods
Using a computerized database (PubMed), articles on the aetiology of NT were retrieved. The search strategy consisted of the keywords`nuchal translucency' and`hygroma colli'. Then, articles on NT as a screening method for chromosomal abnormalities and follow-up studies were excluded. Furthermore, the cited references in the studied articles were used to ®nd additional articles.
Cardiac malformations and dysfunction

Studies on cardiac malformations
One group examined fetal heart morphology in a group of 36 fetuses with increased NT and trisomy 21 (Hyett et al., 1995a) . Twenty out of 36 fetuses (55%) had either a ventricular septal defect or an atrioventricular septal defect, and the incidence of these defects was correlated with NT thickness (Hyett et al., 1995a) . It was concluded that the frequency of these defects is higher than in newborns with Down's syndrome. This overrepresentation of heart defects in fetuses with increased NT was interpreted as a possible causal factor in the development of NT enlargement. In trisomy-18 fetuses however, the same frequency of cardiac defects compared with newborns with trisomy-18 was also demonstrated (Hyett et al., 1995b) . The defects consisted of perimembranous ventricular septal defects and valvular abnormalities (Hyett et al., 1995b) . In the same year, this group published data on aortic arch measurements in 34 trisomy 21 fetuses with increased NT (Hyett et al., 1995c) . In these fetuses, a narrowing of the aortic isthmus, which is the part of the aortic arch immediately before the entry of the ductus arteriosus, was demonstrated (Figures 3 and 4 ). There was a positive association between the size of the fetal NT and the extent of aortic isthmus narrowing of the examined fetuses, suggesting that a more severe narrowing produced a larger NT. In this publication, the development of an increased NT was explained as an overperfusion of the fetal head, due to preferential blood¯ow to the head and neck because of the obstruction in the aortic arch. The over-perfusion would result in subcutaneous oedema in the fetal neck. The transient nature of NT was explained by subsequent differential growth of the aortic arch with advancing gestation, by which the haemodynamic consequences of the narrowing would be overcome. In this hypothesis, however, oedema of the upper extremities should also be expected, as the offspring of the subclavian arteries lies before the aortic isthmus. Oedema of the upper extremities is, however, seldom encountered in fetuses with increased NT. Furthermore, only 49% of the studied fetuses with increased NT actually had an aortic isthmus <5th percentile.
The same group of authors published morphological data on cardiac defects and aortic arch malformation in a larger group of fetuses, consisting of 60 trisomy-21 fetuses, 29 trisomy-18 fetuses, 17 trisomy-13 fetuses, six monosomy-X fetuses and 21 euploid fetuses (Hyett et al., 1996a (Hyett et al., , 1997c . These fetuses were all included in the study because of an increased risk on chromosomal abnormalities, based on maternal age and NT measurement. Compared to newborns with the same type of aneuploidy, the prevalence of cardiac defects was higher in trisomy-21 fetuses, but the same in trisomy-13, ±18 and monosomy-X fetuses. Narrowing of the aortic isthmus in the trisomy-21, ±18, ±13, monosomy-X and chromosomally normal fetuses was present in 55, 36, 77, 100 and 57% of the cases respectively. In the trisomy-13 and monosomy-X fetuses the aortic isthmus narrowing was, however, accompanied by a narrowing of the ascending aorta, immediately above the aortic valve. This is in contrast to the ®ndings in the trisomy-21 and ±18 fetuses, in which this part of the aorta was widened. Therefore, NT enlargement in trisomy-13 and monosomy-X fetuses cannot be explained by over-perfusion of the fetal head and neck, as the ascending aorta was relatively hypoplastic.
Following these morphological reports, increased levels of mRNA of both atrial natriuretic peptide and brain natriuretic peptide were found in trisomic fetuses with increased NT (Hyett et al., 1996b) . From these ®ndings, it was concluded that, analogous to induced heart failure in adult rats, human trisomic fetuses with increased NT suffer from cardiac failure, due to an increase in afterload resulting from the narrowing of the aortic isthmus. In adults, cardiac failure can result in the development of oedema, but the fact that in ®rst-trimester fetuses with increased NT the oedema is restricted to the nuchal area, is not explained with this ®nding. A second molecular biological study did not show any difference in the level of calcium ATPase, which is known to be down-regulated in heart failure in adults, in the cardiac tissue of normal and increased NT fetuses (Kaisenberg et al., 1997) . The authors stated that with these results cardiac failure was not proven to be absent, because the total expression of calcium ATPase in fetal life is already low and therefore a further down-regulation would be dif®cult to detect.
Studies on cardiac function
Besides the aforementioned morphological ®ndings in the fetal hearts, several Doppler studies were performed to assess the haemodynamics in fetuses with increased NT. These studies all showed remarkable changes in the¯ow velocity waveforms of the ductus venosus of fetuses with increased NT and chromosomal abnormalities (Borrell et al., 1998; Matias et al., 1998a,b; Antolin et al., 2001; Bilardo et al., 2001) . The demonstrated low forward, or even absent or reversed, velocity during the atrial contraction of the fetal heart (a-wave) was attributed to cardiac failure, analogous to the observation in second-and third-trimester fetuses with overt cardiac failure (Kiserud et al., 1993 (Kiserud et al., , 1994 . The underlying cardiac defects in aneuploid fetuses are mentioned as the causal factor for the cardiac decompensation (Montenegro et al., 1997; Borrell et al., 1998; Matias et al., 1998a,b; Mol, 1999; Antolin et al., 2001; Bilardo et al., 2001) . It has been reported that an abnormal ductus venosus¯ow velocity in euploid fetuses with increased NT identi®es fetuses with an underlying major cardiac defect (Matias et al., 1999) . This is also supported by the ®nding that abnormal ductus venosus¯ow velocities in fetuses with increased NT and a normal karyotype are associated with isolated heart defects or intra-uterine fetal demise (Matias et al., 1999; Bilardo et al., 2001) . Some authors have even hypothesized that the majority of spontaneously aborted fetuses may have a cardiac defect, suggesting that the same process that causes the excessivē uid accumulation in the nuchal region might also be responsible for their fetal demise (Pajkrt et al., 1999) .
The relationship of the ductus venosus¯ow velocities (as an indicator of the severity of the cardiac failure) and the thickness of the NT remains, however, unclear. In two studies there was found to be no correlation between NT thickness and the ductus venosus pulsatility index for veins (Borrell et al., 1998; Antolin et al., 2001) , in contrast to another study that indeed did describe a correlation (Bilardo et al., 2001) . In interpreting the results of the latter study, it must be considered that there is a strong association between NT thickness and the frequency of aneuploidy. The results of this study may have been biased by the high frequency of aneuploidy in the studied group of fetuses, since in aneuploid fetuses abnormal ductus venosus¯ow velocity waveforms are more frequently encountered than in euploid fetuses (Zoppi et al., 2002) .
Two publications described longitudinal follow-up of aneuploid fetuses with abnormal ductus venosus¯ow velocity waveforms with advancing gestation (Huisman and Bilardo, 1997; Matias et al., 1998b) . In these three cases, both the NT enlargement and the abnormal ductus venosus velocities resolved. The authors concluded the cardiac failure to be temporary.
It is still unclear if the demonstrated haemodynamic changes in the fetuses of the described publications can solely be explained by cardiac failure. The fact that abnormal ductus venosus velocities are also found in trisomic fetuses with increased NT and a normal heart is, for instance, still not explained by cardiac failure. Low or reversed velocities during the atrial contraction of the heart, indicate that the pressure in the right atrium is higher than in the portal circulation. This does not necessarily mean that the fetal heart is`failing' (Simpson and Sharland, 2000) . Local morphological changes in the ductus venosus itself were never investigated in these fetuses.
An increased heart rate in trisomy-21, ±13 and monosomy-X fetuses, is mentioned as a compensatory response to the cardiac failure (Hyett et al., 1996c) . In contrast, in trisomy-18 and triploid fetuses, the heart rate was lower than normal (Hyett et al., 1996c) . No signi®cant association between NT thickness and heart rate was found (Hyett et al., 1996c) . No differences could be demonstrated in the pulsatility index of the umbilical artery of normal fetuses and fetuses with increased NT, irrespective of the karyotype (Zoppi et al., 2000) . Cardiac failure is mentioned as the causal factor in the development of increased NT in a diversity of other syndromes and conditions, such as twin-to-twin transfusion syndrome ; 22q11 deletion syndrome ; umbilical cord encircling the fetal neck (Maymon et al., 1999) , which was present in about 8% of the screened fetuses (Schaefer et al., 1998) ; or congenital arthrogryposis (Hyett et al., 1997b) .
Studies opposing to cardiac dysfunction
Morphological studies and population-based studies (Moselhi and Thilaganathan, 1996; Hyett et al., 1997a; Zosmer et al., 1999; Ghi et al., 2001 ) demonstrate a clear association between abnormalities of the heart and great arteries and enlarged NT. This association was, however, less obvious in two large studies amongst an unselected population (Schwarzler et al., 1999; Mavrides et al., 2001) . The association between enlarged NT and heart defects does not, however, provide a uniform pathophysiological explanation for the development of enlarged NT in the different trisomies and in fetuses with normal outcome. Two recent publications in which the types of cardiac lesions were studied amongst fetuses with increased NT, oppose the theory that increased NT is caused by cardiac failure (Haak et al., 2002a; Simpson and Sharland, 2000) . In the second of these studies, the authors demonstrated no difference in the types of heart malformations between fetuses with and without enlarged NT. Defects primarily characterized by left heart obstruction, right heart obstruction and septal defects were equally represented in both the group with and the group without increased NT (Simpson and Sharland, 2000) . They stated that if increased NT is due to abnormal fetal haemodynamics, it remains unknown why some fetuses with a particular cardiac lesion have an increased NT and others do not. In the ®rst of these studies, amongst a mixed population of euploid and aneuploid fetuses with increased NT, septal defects were the most commonly found defects (Haak et al., 2002a) . The authors state that this type of cardiac defect is not commonly associated with haemodynamic compromise during fetal life. The high pulmonary pressure minimizes shunting of blood across such defects and thus, changes in haemodynamics are not easily explained by the presence of these defects. Therefore, the authors concluded that the increased NT in these fetuses could not be caused by cardiac failure (Haak et al., 2002a) .
Alterations in the extracellular matrix
The ®rst extracellular matrix component in the skin of normal and trisomy-21 fetuses studied was collagen VI (Brand-Saberi et al., 1994a) . In skin samples of trisomy-21 fetuses, collagen VI was found to form a dense, intensely staining, but randomly oriented network, reaching from the epidermal basal membrane to the subcutis (Brand-Saberi et al., 1994a,b) . In normal fetuses, collagen VI was only sparsely present in the dermis (BrandSaberi et al., 1994a,b) . These changes were explained by the presence of a triplicate set of the genes encoding for collagen VI, as the genes of two of the three chains of collagen VI are located on chromosome 21 (COL6A1 and COL6A2). The overexpression of genes was con®rmed by a later study that demonstrated increased expression of mRNA of the a1 chain of collagen VI in the skin of trisomy-21 fetuses (von Kaisenberg et al., 1998a) . Collagen VI is known to bind hyaluronan, a hydrophilic glycosaminoglycan. The distribution of hyaluronan precipitate was found abundantly in the skin of the trisomy-21 fetuses, in contrast to the small amount of hyaluronan found in the normal (Brand-Saberi et al., 1994a,b) and trisomy-13 and 18 fetuses (Bohlandt et al., 2000) . Lymphatic and blood vessels were neither dilated nor hyperplastic in these skin samples (Brand-Saberi et al., 1994a,b) . With these ®ndings, the authors explained NT as an interstitial oedema, due to the presence of large amounts of hyaluronan, which binds interstitial¯uid because of its negative charge (Brand-Saberi et al., 1994a,b) . Furthermore, the authors hypothesized on the additional effect of an overexpression of superoxide dismutase gene, also coded on chromosome 21, which stabilizes the hyaluronan molecule against free radicals. This would increase the amount of hyaluronan. All the demonstrated changes in the extracellular matrix components were, however, similar in samples of the nuchal skin and in samples of the skin of the fetal leg. The authors considered that the oedema was restricted to the nuchal region due to a less close attachment of the skin to the underlying tissues in this area (Brand-Saberi et al., 1994a,b) . A relationship between the severity of the extracellular matrix changes and the size of the NT thickness was not explored.
Following these ®ndings, collagen VI, hyaluronan and other extracellular matrix components were studied in normal and trisomy-21, 13 and 18 fetuses (Brand-Saberi et al., 1994b; von Kaisenberg et al., 1998b; Bohlandt et al., 2000) . Additionally, the skin of trisomy 16 mouse embryos (the animal model for human Down syndrome, which also demonstrates nuchal oedema) and normal littermates were studied using both light and electron microscopy (von Kaisenberg et al., 1998b) . Although trisomy-21, ±13 and ±18 fetuses are all known to demonstrate an increased NT Figure 5 . Schematic drawing illustrating the main morphological characteristics of the nuchal skin of fetuses with trisomy 21 (top left), trisomy 18 (top right) and trisomy 13 (bottom left) and the nuchal skin of a normal control fetus (bottom right). In trisomy 21 there is a high number of collagen bundles in waveforms, irregularly arranged and densely packed; there are no cavities; the dermis is thickened; collagen type VI and glycosaminoglycans (hyaluronan) are abundant in the dermis; and collagen type I ®ber bundles are more widely spaced than in the normal control. In trisomy 18, the dermis contains¯uid-®lled cavities and dilated vessels crossing from the subcutis to dermis; the collagen ®bres are thinner and shorter, predominantly collagen type III. In trisomy 13, the collagen ®bres alternate between loosely arranged areas with little precipitate and`patchy' more dense areas with intense staining and excess of collagen type III and VI. 1 epidermis, 2 dermis, 3 subcutis, 4¯uid-®lled cavities; ®brillar bundles of collagen type I , collagen type III , collagen type VI , hyaluronan , blood and/or lymphatic vessels , free interstitial¯uid . [Reproduced from von Kaisenberg, C.S., Krenn, V., Ludwig, M., Nicolaides, K.H. and Brand-Saberi, B. (1998b) Morphological classi®cation of nuchal skin in human fetuses with trisomy 21, 18, and 13 at 12±18 weeks and in a trisomy 16 mouse. Anat. Embryol., 197, 105±124. Published by Springer] in the majority of cases (Pandya et al., 1994; Snijders et al., 1998) , the extracellular matrix showed a characteristic composition for each trisomy (von Kaisenberg et al., 1998b) (Figure 5 ) (Brand-Saberi et al., 1994b) . In trisomy 21, the ®ndings were as described above. Additionally, collagen I ®bre bundles were found to be more widely spaced than in the skin of normal fetuses (von Kaisenberg et al., 1998b) . In trisomy 18, intercellular cavities and dilated vessels were found ( Figure 5 ) (Brand-Saberi et al., 1994b) . The collagen ®bres, predominantly collagen III (encoded by chromosome 2), were thinner and shorter (von Kaisenberg et al., 1998b) . In trisomy 13, the collagen ®bre bundles alternate between loosely arranged areas with little precipitate and`patchy', more dense areas with intense staining and excessive collagen type III and VI ( Figure 5 ) (Brand-Saberi et al., 1994b; von Kaisenberg et al., 1998b) . In the trisomy-16 mouse embryos, wide intercellular spaces were found that contained precipitate of glycosaminoglycans, resembling the pattern in human trisomy-21 fetuses (von Kaisenberg et al., 1998b) . This cannot be the effect of overexpression of collagen VI, because the genes encoding COL6A1 and COL6A2 are located on the mouse chromosome 10. The superoxide dismutase gene is, however, located on the mouse chromosome 16.
The authors conclude that the changes in the extracellular matrix components can only partially be explained by single dosage effects of genes on the extra chromosome 21, 18 or 13 (von Kaisenberg et al., 1998b) . The common phenotype of nuchal oedema in all these trisomies remains dif®cult to explain solely by the altered extracellular matrix components. Furthermore, it does not explain the transient nature of the NT. The altered extracellular matrix could, however, contribute to an impairment of cell migration (Miyabara et al., 1989; Brand-Saberi et al., 1994b) . Many organs receive cell contributions from the neural crest, such as the fetal heart, aortic arch, face and the enteric nervous system, and this may lead to alterations in the development of these different organs (Miyabara et al., 1989; Brand-Saberi et al., 1994b) . The speci®c pathophysiological relation to the nuchal oedema is, however, not yet elucidated and remains to be investigated.
Alteration of the extracellular matrix is mentioned as the causal factor in the development of increased NT in a diversity of other syndromes, such as achondrogenesis type II, achondroplasia, thanatophoric dysplasia or Zellweger syndrome (Nicolaides et al., 2002) .
Lymphatic abnormalities
Before the extensive use of ®rst-trimester ultrasound, it was already known that spontaneously aborted fetuses could show cystic hygromas (Van der Putte, 1977; Byrne et al., 1984) . Lymphatic morphology in the nuchal skin and other organs were already being studied during the late 1970s in second-trimester fetuses with cystic hygromas and either assumed (Van der Putte, 1977) or proven (Byrne et al., 1984) monosomy X. Malformations of both the main lymphatic trunks and the peripheral lymphatic system were found (Van der Putte, 1977) . Both of these authors speculated that the development of cystic hygromas would be the result of impaired lymphatic drainage, due to malformations of the jugular lymphatic sacs, which result in a lack of connection with the venous system in these monosomy-X fetuses ( Van der Putte, 1977; Byrne et al., 1984) . Another group (Chervenak et al., 1983) described and de®ned cystic hygroma in monosomy-X fetuses by ultrasound, and agreed with the theory of impaired lymphatic drainage of the jugular lymphatic sacs, while others linked the supposed enlargement of these lymphatic sacs to aortic arch malformations in monosomy-X fetuses, due to compression of the ascending aorta by these sacs (Clark, 1984) . Hypoplasia of the lymphatics or extremely dilated lymphatic vessels was found in the skin of the limbs (Van der Putte, 1977), while others (Chitayat et al., 1989) studied the nuchal region and the lymphatic morphology in the skin of four monosomy-X fetuses, two trisomy-21, one trisomy-13 and two euploid fetuses with nuchal oedema. In the latter study, all fetuses were karyotyped and the results were compared with ®ve apparently normal fetuses. Whilst the walls of the cystic hygromas of monosomy-X fetuses were lined by endothelial cells, in the trisomy-21, ±13 and euploid fetuses with nuchal oedema the cavities were lined by connective tissue. In the latter group, the cavities were smaller in size (Chitayat et al., 1989) , which was con®rmed by others (Miyabara et al., 1989) . In the monosomy-X fetuses, the peripheral lymphatic vessels were either absent or hypoplastic, whereas in the trisomic and euploid fetuses with nuchal oedema these vessels were numerous and dilated. Thus, the contradicting description of the lymphatic vessels in the skin of the limbs described in the study of van der Putte, can be explained by the fact that karyotyping was not performed in these fetuses and the assumption that some of these fetuses had other kinds of aneuploidies than monosomy X (Van der Putte, 1977). Chitayat et al. agreed with the hypothesis of van der Putte (Van der Putte, 1977) that in monosomy-X fetuses the cystic hygroma is the result of a delayed connection between the jugular lymphatic sac and the venous system (Chitayat et al., 1989) ; these authors explained the generalized cutaneous oedema in monosomy-X fetuses as being the result of peripheral lymphatic hypoplasia, 1989). In the non-45X fetuses, it was hypothesized that the cutaneous oedema was the result of abnormal proliferation of the lymphatic vessels, but an explanation for the cystic hygroma was not given (Chitayat et al., 1989) . The lymphatic hypoplasia in the monosomy-X fetuses was con®rmed with immunohistochemical staining methods, and the distribution of lymphatic vessels in the nuchal skin of trisomy-21, ±18 and ±13 fetuses was shown to be similar to that in normal fetuses (von Kaisenberg et al., 1999) . This abnormal lymphatic development was attributed to changes in the extracellular matrix (von Kaisenberg et al., 1999) .
When normal lymphatic development is studied in detail, jugular lymphatic sacs are found to derive from early veins, which thereafter become isolated and relatively large and subsequently reorganize into lymph nodes and reconnect to the jugular vein (Sabin, 1909; Van der Putte, 1975; Van der Putte and van Limborgh, 1980) . This process is completed in human embryos of 10 weeks gestational age. It is tempting to speculate that a developmental delay or a malformation in the development of these structures could result in oedema of the fetal neck, on the basis of the gestational age at which this process should be completed, which is the time that NT begins to develop.
The development of these jugular lymphatic sacs was studied in normal and trisomy 16 mouse [the animal model for human Down syndrome, presenting with cardiac defects and nuchal oedema (Miyabara et al., 1982; Holtzman et al., 1992; Reeves et al., 1995) ] embryos, and extremely enlarged lymphatic sacs were found in the trisomy-16 mouse embryos (Haak et al., 2002b) . The fact that the lymphatic distension presents at an earlier developmental stage than the occurrence of the nuchal oedema suggests that it is less likely that the lymphatic distension is a secondary phenomenon to the increased NT (Haak et al., 2002b) . Using transvaginal ultrasound in ®rst-trimester fetuses with increased NT, the enlarged lymphatic sacs could be visualized in transverse sections through the fetal neck in the majority of cases (Figure 6 ), in which trisomy-21, ±18, as well as normaloutcome fetuses were represented (Haak et al., 2002b) . The authors speculated that the enlargement of the jugular lymphatic sacs could be the result of a delay in reconnection with the venous system or due to increased overall expression of the hyaluronic acid receptor LYVE-1 in the numerous lymphatic vessels. Hyaluronic acid is known to bind large amounts of water leading to increased lymph¯uid formation, the latter resulting in increased size of the jugular lymphatic sacs and accumulation of mesenchymal lymph oedema with subsequent formation of an enlarged nuchal cavity. With continued development, the lymphatic sacs are remodelled into lymph nodes and the excess uid drains away, which explains the transient nature of the increased NT (Haak et al., 2002b) . At a gestational age of 14 weeks, the changes in the placental circulation will result in a drop in peripheral resistance that will help to drain the excess uid. The authors state that in Turner's syndrome the mechanism leading to the increased NT is also related to abnormal development of the jugular lymphatic sacs. In these cases the enlarged lymphatic jugular sacs become only partly re-organized and do not ®nd a proper reconnection into the jugular veins. This leads to the formation of a large amount of¯uid in the posterior neck region, which is not transient and is called`hygroma colli'. This hypothesis is supported by a study in which the walls of the cavities of a cystic hygroma of four fetuses with monosomy X were lined by endothelial cells (Chitayat et al., 1989) . These posterior cavities are therefore most probably the enlarged lymphatic sacs that extend to the posterior neck region. It has been suggested that an unseptate enlarged NT may be more representative of a developmental delay whereas a septate or notched' appearance may represent an abnormal lymphatic or cardiovascular development (Landwehr et al., 1996; Maymon et al., 2001) .
Translucent cystic areas in the human fetal lateral neck were described earlier and assumed to be the jugular lymphatic sacs (Achiron et al., 1995) . A relationship with increased NT could not, however be established in this study, due to the exclusion of fetuses with septate nuchal enlargement and the de®nition of increased NT as >4 mm.
Miscellaneous theories
Venous congestion
In fetuses with congenital diaphragmatic hernia and oesophageal atresia, it has been proposed that mediastinal compression causes increased impedance to venous return and therefore cause venous congestion of the head and neck (Sebire et al., 1997a; Brown and Nicolaides, 2000) . In congenital diaphragmatic hernia, the increased intrathoracic pressure is caused by the intrathoracic herniation of abdominal viscera (Sebire et al., 1997a) . In oesophageal atresia, it is speculated that a distension of the blind ending of the oesophagus causes compression of the great vessels of the head and neck (Brown and Nicolaides, 2000) .
In some skeletal dysplasias, increased intrathoracic pressure occurs due to impaired thoracic growth. In these cases the association with increased NT can also be explained by venous congestion of the head and neck or impaired cardiac function due to the high intrathoracic pressure (Ben Ami et al., 1997) .
Fetal infection
In a study of 426 chromosomally normal fetuses with ®rst-trimester increased NT, maternal serum infection screening was carried out (Sebire et al., 1997c) . The incidence of fetal infection was similar to that in the general population. Therefore, the authors concluded that ®rst-trimester increased NT is not associated with fetal infection, in contrast to fetuses with secondor third-trimester hydrops, where an increased incidence of infection was found (Sebire et al., 1997c) . The authors advised that chromosomally normal fetuses with increased NT should not be screened for maternal infections unless the translucency evolves into second-or third-trimester oedema or generalized hydrops. In three cases with fetal hydrops at 12 weeks gestational age, due to a parvovirus infection, it was suggested that the hydrops was the result of cardiac failure due to (a temporary) myocardial infection (Petrikovsky et al., 1996) . In all three fetuses the hydrops resolved in the second trimester, and healthy neonates were delivered.
Discussion
A complete pathophysiological explanation for increased NT, encompassing both normal outcome as well as the wide variety of malformations, has been lacking until now. Based on ultrasonographic and post-mortem morphological studies in human fetuses, as well as in trisomy 16 mouse embryos, it can be concluded that the ®ndings in enlarged NT fetuses can be classi®ed into three categories. First, there is an association between cardiac abnormalities (Hyett et al., 1995a (Hyett et al., ,c, 1996a (Hyett et al., , 1997a , abnormal ductus venosus¯ow velocities (Montenegro et al., 1997) and increased NT. Second, various types of abnormalities are found in the extracellular matrix of the nuchal skin of fetuses with increased NT (Brand-Saberi et al., 1994a,b; von Kaisenberg et al., 1998a,b; Bohlandt et al., 2000) . Third, abnormal lymphatic development is demonstrated in trisomy 16 mouse embryos and also in human fetuses (von Kaisenberg et al., 1999; Haak et al., 2002b) .
A pathophysiological explanation for increased NT must, in our opinion, consider and preferably ®t in all above-described ®ndings and associations. The link between all three categories of abnormal ®ndings is, in our opinion, delayed or altered development.
The local accumulation of¯uid in the nuchal region is best explained by alterations in the jugular lymphatic sacs (Haak et al., 2002b) . It seems logical that local disturbance of a system which is responsible for the drainage of interstitial¯uid will lead to the production of oedema in that speci®c region. The jugular lymphatic system undergoes a ®nalization of its development at the time that an increased NT normally occurs (Sabin, 1909; Van der Putte, 1975; Van der Putte and van Limborgh, 1980) . A delay in this process explains the local accumulation of¯uid in the nuchal region and not in other areas of the fetal body, as the drainage of interstitial¯uid of the nuchal area is served by the jugular lymphatic sacs. Jugular sac distension was demonstrated in human fetuses with increased NT with different types of trisomies as well as in fetuses with normal karyotypes. Furthermore, this provides an explanation for the time window in fetal development in which increased NT occurs. With advancing gestational age and with the fetus increasing in size, a system that drains interstitial¯uid back to the circulation is necessary, and a delay in the development of such a system will result in oedema formation. It is hypothesized that there is a delay in remodelling of the endothelial system, at the time the jugular lymphatic sacs differentiate from the early venous system (Haak et al., 2002b) . With continued development, the lymphatic sacs are remodelled into lymph nodes and are reconnected to the venous system, whereupon the excess¯uid can drain away. This explains the transient nature of the increased NT. The disturbance of endothelial development provides a link to the cardiac abnormalities found, including aortic arch malformations, as endothelial development ful®ls an important role in cardiac (and aortic arch) development (Carmeliet et al., 1999) .
The interaction between endothelial development and the changes in the extracellular matrix has not yet been elucidated. It is, however, not unlikely that an altered environment affects developmental processes that have to take place at that site. The variations in extracellular matrix between the different types of trisomies could explain the fact that some trisomies have larger NT than others, by an unequal effect on local developmental processes, with effects differing in either site or extent. An example of such interaction between developmental processes is the impaired migration of the neural crest cells in a changed extracellular matrix, which is a possible explanation of the link between cardiac defects and nuchal oedema (Miyabara et al., 1989; Brand-Saberi et al., 1994b) , as proposed by others (Miyabara et al., 1989) .
It has never been investigated whether the ductus venosus demonstrates local morphological changes. Abnormal ductus venosus velocities could be the result of abnormal endothelial development at that speci®c region. On the other hand, the absent or reversed a-wave of the ductus venosus could solely be explained as the result of delayed development. Few data are available on ductus venosus¯ow velocity waveforms before a gestational age of 10 weeks . It is not known if reversed, absent or low velocities during atrial contractions are physiological before 10 weeks gestational age. Furthermore, the ductus venosus¯ow velocity waveforms could be secondary to the increased NT, as the amount of¯uid that is accumulated in the nuchal region might have an effect on the blood viscosity and therefore might produce haemodynamic changes.
Despite the numerous publications on increased NT and the frequent use of this measurement to inform women about their speci®c risk of fetal aneuploidies, the exact aetiology remains unknown. Although many theories are based on associations and speculations, this report provides an overview of the different theories and attempts to ®t the different associations into one common developmental abnormal process. Further research, however, is needed to explore the aetiology of increased NT, in order to provide an answer to the parents' question of why their fetus demonstrates nuchal oedema, especially in cases with normal karyotypes.
